most three times that of Jupiter for the belt to avoid gravitational disruption.
The flux detected at 0.8 µm is also consistent with that of a planet with mass no greater than a few times that of Jupiter. The brightness at 0.6 µm and the lack of detection at longer wavelengths suggest that the detected flux may include starlight reflected off a circumplanetary disk, with dimension comparable to the orbits of the Galilean satellites. We also observed variability of unknown origin at 0.6 µm.
Approximately 15% of nearby stars are surrounded by smaller bodies that produce copious amounts of fine dust via collisional erosion (1) . These "dusty debris disks" are analogues to our Kuiper Belt, and can be imaged directly through the starlight they reflect or thermal emission from their dust grains. Debris disks may be gravitationally sculpted by more massive objects; their structure gives indirect evidence for the existence of accompanying planets (e.g., 2, 3).
Fomalhaut, an A3V star 7.69 pc from the Sun (4) , is an excellent example: a planet can explain both the observed 15 AU offset between the star and the geometric center of the belt, and the sharp truncation of the belt's inner edge (3, (5) (6) (7) . With an estimated age of 100-300 Myr (8) , any planet around Fomalhaut would still be radiating its formation heat, and would be amenable to direct detection. The main observational challenge is that Fomalhaut is one of the brightest stars in the sky (m V =1.2 mag); to detect a planet around it requires the use of specialized techniques such as coronagraphy to artificially eclipse the star and suppress scattered and diffracted light.
Detection of Fomalhaut b
Coronagraphic observations with the Hubble Space Telescope (HST) in 2004 produced the first optical image of Fomalhaut's dust belt, and detected several faint sources near Fomalhaut and 140 AU, and eccentricities and longitudes of periastron that are purely secularly forced by the planet (9) . Initial inclinations of parent bodies are randomly and uniformly distributed within 0.025 radian of Fomalhaut b's orbital plane, and remaining orbital angles are drawn at random. After 100 My, parent body orbits differ somewhat from these initial conditions; most survivors have semimajor axes > 130 AU. The forced orbits thus constructed are nested ellipses of eccentricity ≈ 0.11 that approximate the observed belt morphology. Forced orbits are expected to result from interparticle collisions, which dissipate random motions and compel planetesimals to conform towards closed, non-intersecting paths (10).
This elliptical annulus of parent bodies is termed a "birth ring" (11); erosive collisions among parent bodies give birth to smaller sized but more numerous dust grains. The observed scattered stellar light arises predominantly not from parent bodies but rather from their dust progeny. Thus the second step of our procedure is to track dust trajectories. We take each parent to release a dust grain with the same instantaneous position and velocity as its parent's. The trajectory of a grain of given β (force of radiation pressure relative to that of stellar gravity; β scales inversely as grain radius) is then integrated forward under the effects of radiation pressure and Poynting-Robertson drag. We carry out integrations for β ∈ (0, 0.00625, 0.0125, . . . , 0.4).
For β approaching the radiation blow-out value of ∼1/2, grains execute highly elongated orbits whose periastra are rooted within the birth ring. Integrations last 0.1 Myr, corresponding to the collisional lifetime of grains in Fomalhaut's belt, as estimated from the inferred optical depth of the belt.
Third, we superpose the various β-integrations to construct maps of optical depth normal to the belt plane. To reduce the shot noise associated with a finite number of grains, we smear each grain along its orbit: each grain is replaced by an elliptical wire whose linear density along any segment is proportional to the time a particle in Keplerian motion spends traversing that segment. We compute the optical depth presented by the collection of wires, weighting each β-integration according to a Dohnanyi (12) grain size distribution. This distribution, which reflects a quasi-steady collisional cascade in which parent bodies grind down to grains so small they are expelled by radiation pressure, is assumed to hold in the birth ring, where dust densities are greatest and collision rates highest.
The final step is to compare the optical depth profile of our dynamical model with that of a scattered light model adjusted to fit the 2004 HST image of Fomalhaut's belt (6) . We focus on the one belt property that seems most diagnostic of planet mass and orbit: the belt's inner edge, having a semimajor axis of a inner = 133 AU according to the scattered light model. This edge marks the outer boundary of the planet's chaotic zone (7) . The chaotic zone is a swath of space enclosing the planet's orbit which is purged of material because of dynamical instabilities caused by overlapping first-order mean-motion resonances (13) . For a given planet mass M, we adjust the planet's semimajor axis a until the dynamical model's optical depth attains half its maximum value at a inner (Fig. 2, bottom panel) . Applying this procedure, we find that
where M * is the central stellar mass.
Two trends that emerge from our modeling imply that the mass of the planet should be low.
First, as M increases, the planet more readily perturbs dust grains onto eccentric orbits, and the resultant optical depth profile becomes too broad at distances > ∼ 140 AU (Fig. 2, bottom panel). Second, to not disrupt the belt, larger mass planets must have smaller orbits, violating our estimate for the current stellocentric distance of Fomalhaut b (Fig. 2 , top two panels). Together, these considerations imply that M < 3M J . This upper limit supersedes those derived previously (7), as the quantitative details of our model are more realistic [see also (14) ]: the belt as a whole is modeled, not just its inner edge; parent bodies are handled separately from dust grains, and only the latter are used to compare with observations; stellar radiation pressure is accounted for; parent bodies are screened for dynamical stability over the system age; and grain-grain collisions are recognized as destructive, so that dust particle integrations are halted after a collision time.
Model Planet Atmospheres
Comparison between our photometric data and model planet atmosphere spectra indicate that Fomalhaut b may be a cooling Jovian-mass exoplanet with age 100-300 Myr (Fig. 3) . A planet atmosphere model with effective temperature T eff = 400 K and radius 1.2 R J , for which the bolometric luminosity is 3.4 × 10 −7 L ⊙ (15-16), reproduces the observed 0.8 µm flux.
This model implies that the luminosity of Fomalhaut b is lower than any other object observed outside the solar system, and thus that it is not a young brown dwarf or a more massive object.
Theoretical cooling tracks of objects with T eff = 400 K and ages >100 Myr are insensitive to uncertain initial conditions (see figure 1 of 15) . The luminosity on these tracks is given by
implying that the mass of Fomalhaut b is 1.7-3.5 M J . The error in the mass is dominated by the age uncertainty.
Relative to the models of planet atmospheres, the flux of Fomalhaut b is too faint by at least a factor of a few at 1.6 µm, and the upper limit set by observations at 3.8 µm is only marginally consistent with the models. However, the various models disagree with each other by similar factors at 1.6 µm, partly because of theoretical uncertainties associated with the strengths of the CH 4 vibrational bands. Moreover, our hypothesized effective temperature is near the condensation temperature of water clouds, and such clouds are a large source of uncertainty in planet atmosphere models. Nevertheless, our observations at 1.6 µm and 3.8 µm exclude a warmer (more massive) planet.
Choosing a 400 K, 46 m s −2 , 5× solar abundance model from (15) as a baseline, we can investigate the effects of gravity and composition using theoretical exoplanet model spectra (15) (16) . The elevated abundance set is chosen to be representative of solar system gas giants. The temperature and gravity of this model are a good match to a 200 Myr, 2.5 M J exoplanet. As previously noted, this model accounts for the 0.8 µm flux, but over predicts the 1.6 µm band flux by a factor of three. Cooler models (350 K) cannot simultaneously reproduce the 0.8 µm flux without violating the long wavelength flux limits, while for hotter models (500 K) the 1.6
µm upper limit becomes particularly problematic. If there is a significant thermal photospheric contribution to the 0.8 µm flux, then 400 K is a rough upper limit to the temperature of the object.
The 400 K, solar abundance model has reduced methane opacity which causes it to be unacceptably bright in the H band. The colors and fluxes also depend on the surface gravity.
Models from (15) 
Other Sources of Optical Emission
From 0.6 to 0.8 µm, Fomalhaut b is bluer than the models predict ( As remarkably distant as Fomalhaut b is from its star, the planet might have formed in situ.
The dust belt of Fomalhaut contains three Earth masses of solids in its largest collisional parent bodies. Adding enough gas to bring this material to cosmic composition would imply a minimum primordial disk mass of 1 M J , comparable to the upper mass limit of Fomalhaut b.
Alternatively, the planet might have migrated outward by interacting with its parent disk (20), or by gravitationally scattering off another planet in the system and having its eccentricity mildly damped by dynamical friction with surrounding disk material (21). (Table   S1 ). Even though the occulting spots block the core of the stellar point spread function (PSF), a significant halo of light is present in the entire CCD frame. We use two separate strategies to remove this PSF halo: 1) We observe another bright star (Vega) with the coronagraph and use this template PSF to subtract the PSF of Fomalhaut, and (2) We image Fomalhaut such that the detector is rotated at different angles relative to the sky. In the instrument reference frame the PSF is quasi-static, whereas astrophysical features rotate. The 2006 data acquire Fomalhaut at four separate position angles (PA) of the sky on the detector, with a maximum PA separation of 6 o . Taking the median value of these frames gives a master PSF that does not contain the astrophysical features. The master PSF is then subtracted from the individual images, which are then rotated to a common orientation and combined. Technique 2 is known in the literature as roll deconvolution or angular difference imaging (ADI; S2-S4).
Table S1 catalogs our observations. Fomalhaut b is detected independently in each row with an F606W and F814W observations. For each of these rows, Fomalhaut b is detected using both PSF subtraction techniques outlined above. False-positives are defined as apparent point sources that cannot be consistently confirmed among these data sets. Though the instrument has reimaging optics to fix the sky angle relative to the detector reference frame, we permit the sky to rotate in order to employ PSF subtraction technique 2 (ADI).
Gemini South observations at L ′ , without adaptive optics correction, were executed in a similar manner to employ the ADI technique. We used the NIRI F/32 camera with 22 mas pixels, giv- 
Photometry
In the cases where Fomalhaut b was detected (HST), we report photometry corrected to an infinite aperture using DAOPHOT and an empirical curve of growth derived from the data (Table   S2) Photometric calibration of the Keck upper limits is a multi-step process. Data were scaled to a common signal level using background star observations prior to combination. For the multi-night combination of H-band data, we use the July 17 observations for photometric calibration because of that night's exceptional conditions. The peak brightness of Fomalhaut was measured through the partially transmissive occulting spot in short exposure images. These measurements were used to determine an on-axis sensitivity calibration using the 2MASS photometry of Fomalhaut and the previously measured occulting spot transmission. We derived a sensitivity curve by measuring the standard deviation of fluxes in apertures of 3 pixel diameter and measured the value at the predicted angular separation of Fomalhaut b. Finally, we noted that the Strehl ratio at the location of Fomalhaut b is degraded due to anisoplanatism. We estimated a decrease in sensitivity of 0.75 mag, which corresponds to an isoplanatic angle of 13 ′′ at 1.6 µm. 
Calibration of the Gemini

Bolometric luminosity
In this section and following, we consider various possibilities for the origin of the detected optical flux. Here, we assume that the F814W flux is pure thermal emission from the planet, which consistent with the model atmosphere from (S7) where T ef f = 400 K; g = 46 m s −2 ;
and 5× solar metallicity. With this effective temperature, and with a planet radius 1.2 R J , the bolometric flux at Earth is:
where r p is the the radius of Fomalhaut b, d p is the heliocentric distance, and σ SB is the StefanBoltzmann constant. As a check, we integrate the flux from the (S7) high resolution model spectrum, and obtain:
7.5×10 14 Hz 6.0×10 12 Hz
The smaller value is expected because the model is tabulated over a finite frequency range and some power is missing in the numerical integration. The corresponding luminosity is ∼ 3×10 efficiency). If we assume that the efficiency is ∼1%, then the total gas accretion is 0.2 M J .
Dust Cloud Model
We explore the possibility that Fomalhaut b represents reflected light from an unresolved dust cloud that is not gravitationally bound and therefore not associated with a planet. In this scenario the cloud arises from the stochastic, catastrophic collision of two parent bodies analogous to Kuiper Belt Objects or short-period comets in the solar system. The event is improbable at the location of Fomalhaut b compared to regions closer to the star where the collision timescales are significantly shorter, or farther from the star where the number density of parent bodies is enhanced in order to replenish the visible belt with fresh dust.
Since Fomalhaut b appears as a point source in the HST data, the maximum size of the dust cloud corresponds to the full-width at half-maximum of the PSF, which is 69±6 mas or 0.53 ±0.05 AU (compared against the background star shown in Fig. S1 , which has FWHM = 68 ± 4 mas). A dust cloud could originate from a catastrophic collision between two planetesimals, but the event must be recent because even in the absence of stellar radiation pressure and Poynting-Robertson drag, the different orbital period of a dust grain located at the inner boundary of the cloud (i.e. closest to Fomalhaut) versus the outer boundary of the cloud would shear the cloud into an arc, ultimately becoming a ring of material orbiting Fomalhaut.
The dust cloud will contain a size distribution of grains, though the scattered light images are predominantly sensitive to grain sizes with x = 2πa/λ ∼ 1, where a is the grain radius. In our model of a dust cloud we assume a size distribution with a min < a < a max following a differential size distribution dn/da = n o (a/a o ) −3.5 . We note that due to radiation pressure from Fomalhaut, grains smaller than 3−8 µm (depending on porosity) are ejected from the system on free-fall timescales (S9). We therefore use Mie theory to calculate the apparent magnitude and scattered light color of a dust cloud with a min = 0.01 µm and a max = 1000 µm (m 0.01 in Table S3 ) and a min = 8 µm and a max = 1000 µm (m 8 in Table S3 ). These values represent two extremes of a fresh dust cloud with small grains still present within the cloud, and a later epoch where only grains larger than the radiation pressure blowout size of ∼8 µm have survived. We test grains composed of water ice (density = 1.0 g cm −3 ; m ice in Table S3 ) and refractory carbonaceous material (density = 2.2 g cm −3 ; S10; m LG in Table S3 ). The results for these two calculations are given in Table S3 . The total grain mass (and hence the total scattering surface area) is adjusted such that the integrated light in F814W from the model matches the observations. In the case of m 8 ice , the total mass is 1.24×10 21 g, which corresponds to the disruption of a 67 km water ice body. However, the total grain mass depends strongly on the value selected for a max . Perhaps a more useful calculation is the minimum grain mass assuming the grain size distribution is nearly monodisperse and peaks where the scattering efficiency is highest. For these optical observations, the scattering efficiency is highest for grains 0.1 − 0.2 µm in size, giving a minimum dust mass in the cloud M d = 4.1 × 10 18 (ρ g /1.0 g cm −3 ) g. Therefore, for water ice, the minimum grain mass is 4.1 × 10 18 g, corresponding to the disruption of a 10 km radius object. In Table S4 LG in Table S4 ), and (2) The color of a dust cloud is significantly bluer than the observed red color of Fomalhaut b (Table S3) years. This scenario demands that we have observed the cloud at a fortuitous time right after it has been produced, but before all of the small grains are blown out.
Taking all four arguments together -the low probability of the stochastic collision at the position of Fomalhaut b, the fortuitous timing to explain variability, the non detection in the F435W filter, and the somewhat discrepant observed optical colors compared to a model -the dust cloud hypothesis appears inadequate to explain the observed properties of Fomalhaut b.
Reflected light from a planet surrounded by an extended dust disk
We consider the hypothesis that the Fomalhaut b observations are explained by reflected light from a Jovian planet surrounded by a large ring system. First, we consider reflected light from the planet alone. The flux received at Earth from the star (Fomalhaut) is:
where L ⋆ is the stellar luminosity in watts (W; S12), and D is the heliocentric distance (7.688 pc = 2.379 × 10 17 m). The stellar flux received by a planet at d=115 AU radius from Fomalhaut is:
The flux received at earth:
where σ p [m 2 ] is the projected geometric surface area of the planet and Q s is the scattering efficiency, such as the product of the geometric albedo and the scattering phase function at the observed phase. It is useful to consider these values as a relative contrast in apparent magnitude:
8.91 × 10 −9 = −2.5 log(σ p Q s )+69
The V band ( (Table S2) Vertical optical depth profiles of dust generated from parent bodies. The planet orbit is tuned so that the optical depth is at half maximum at 133 AU, the location of the inner edge of the scattered light model from (6) (red curve), which itself is an idealized and non-unique fit to the HST data. While the dynamical and scattered light models do not agree perfectly, lower planet masses are still inferred because they do not produce broad tails of emission at a > ∼ 140 AU. At a > ∼ 160 AU, the HST data are too uncertain to constrain any model. Figure 3 : Photometry on Fomalhaut b shows the F435W 3-σ upper limit (yellow square), two F606W measurements (blue square=2006, blue circle=2004), the F814W photometry (green square), 3-σ upper limits for Keck observations in the CH 4 passband (purple solid star) and the H band (red solid star), and a 3-σ upper limits for Gemini observations at L ′ (light blue star). This is a log-log plot. If we first assume that the F606W variability is due to Hα emission and the F814W detection is due to planet thermal emission, we then proceed to fit a planet atmosphere model from (15) to the F814W flux. The heavy solid line represents that planet atmosphere model smoothed to R=1200 with planet radius 1.2 R J , gravity 46 m s −2 , and T=400K (roughly 1-3 M J at 200 Myr). The horizontal colored lines mark the equivalent broad-band flux found by integrating the model spectrum over the instrumental passband. Other models from (16) give a similar spectrum (light solid line), though a factor of 3 -4 brighter in CH 4 and H band. The model predicts that the planet candidate should have been detected with Keck in the H band, though this prediction is only a factor of a few above our limit. The discrepancy could arise from uncertainties in the model atmosphere (which has never been tested against observation), or from the possibility that the F606W and F814W detections include stellar light reflected from a circumplanetary dust disk or ring system. The solid blue line intersecting the optical data represents light reflected from a circumplanetary disk with radius 20 R J , a constant albedo of 0.4, and with stellar properties adopted from (22). 
